A kind of medium-carbon low-alloy dual-phase steels with high-content martensite produced by intercritical annealing at 785-830 °C for 10-50 minutes were studied in aspect of microstructures and work hardening behavior using SEM and tensile testing machine. The experimental results showed that the work hardening of the studied steels obeyed the two-stage work hardening mechanism, whose work hardening exponent of the first stage was higher than that of the second stage. The work hardening exponent increased with increasing the intercritical annealing temperature and time. For series A steel intercritically annealed at 785 °C with starting microstructure of ferrite plus pearlite, austenite nucleated at the pearlite colonies, so the holding time of only 50 minutes can increase the work hardening exponent obviously. For series B steel with starting microstructure of martensite, austenite nucleated at lath interfaces, lath colony boundaries of primary martensite and carbides, accelerating the formation of austenite, so holding time for 30 minutes made the work hardening exponent increase obviously. High work hardening rate during initial plastic deformation (<0.5% strain) was observed.
Introduction
The dual-phase (DP) steels have impressive mechanical properties, such as continuous yielding behavior, superior strength-ductility and excellent formability, compared to the low-alloy high-strength steel with similar strength. DP steels consist of a dispersion of hard martensite grains in a soft ferrite matrix, which can be produced by intercritical annealing. In order to get the ideal martensite volume fraction, the intercritical annealing temperature, holding time and cooling rate must be controlled. Many investigations have been conducted on the low-carbon low-alloy DP steels, containing 20-25% volume fraction martensite [1] [2] [3] [4] . Low-carbon DP steels with high-content martensite have also been investigated recently 5 . However, deformation behavior of medium-carbon DP steels with high-content martensite has been rarely studied so far.
In this study, a kind of medium-carbon low-alloy steels was chosen to produce DP steels with high-content martensite by intercritical annealing, and mechanical properties and work hardening behavior of this DP steel were also discussed.
Experimental Procedures
The chemical composition of the steel was 0.37C, 0.48Si, 0.86Mn, 1.67Cr, 0.36Mo, 0.015P, 0.003S, wt. (%). Primary materials were thick hot-rolled plates. It was first normalized at 860 °C for 1 hour followed by air cooling for obtaining a more uniform microstructure. The initial microstructures with ferrite plus pearlite were obtained by re-austenitising normalized specimens at 860 °C for 30 minutes and furnace cooling. Dual-phase microstructure derived from ferrite plus pearlite initial microstructure was labeled "series A". The other initial microstructure was obtained by re-austenitising normalized specimens at 860 °C for 30 minutes and water quenching, which produced a microstructure that was nearly wholly martensite. Dual-phase microstructure derived from martensite initial microstructure was labeled "series B". Four ICATs (intercritical annealing temperature) of 785, 800, 815, 830 °C for 30 minutes were selected, and three holding time of 10, 30, 50 minutes at 785 °C was also selected.
Microstructure examination of the DP steels was performed using JSM6700F scan electron microscopy. Samples were prepared following the standard metallographic procedures. The polished specimens were etched with 4% nital solution for microstructure observation. The tensile samples with a gauge length of 25 mm and a gauge diameter of 5 mm were prepared. The mechanical properties were tested at room temperature and the tensile velocity was 1.0 mm/min. Figure 1 shows the true stress-strain curves of the DP steels with different heat treatment process. As can be seen from Figure 1 , the stress-strain curves of steels intercritically annealed between 785 °C and 830 °C exhibited continuous yielding behavior and high hardening rate at early stages of plastic deformation. Elongation of series A steel and series B steel all decreased with increasing intercritical annealing temperature. Tensile strength peaked when annealing at 800 °C, which did not increase with further increasing annealing temperature. Stress and elongation of the series B steel were higher than those of the series A steel when annealed at 785 °C for 30 minutes and 800 °C for 30 minutes, respectively.
Results and Discussion

Stress-strain curves
Elongation of series A steel and series B steel all decreased with increasing intercritical annealing soaking time ranging from 10 minutes to 50 minutes at 785 °C. Stress obviously increased with increasing soaking time from 10 minutes to 50 minutes for series A steel, and from 10 minutes to 30 minutes for series B steel. Stress and elongation of series B steel were higher than those of series A steel when intercritically annealed at 785 °C for 10 minutes, 30 minutes and 50 minutes, respectively.
Work hardening exponent
The flow behavior of series A and series B steels can be described by Hollomon Equation 1.
where σ t is the true stress, ε t is the true strain, 'k' is the strength coefficient and 'n' is called work hardening exponent.
Work hardening exponent (n) can indicate the work hardening ability of the material. The higher 'n' indicates the higher work hardening rate, and the material is preferred for processes. Figure 2 shows the curve variations of ln σ t with ln ε t . It indicated that the work hardening of the studied steels obeyed the two-stage workhardening mechanism, whose work hardening exponent of the first stage was higher than that of the second stage. Movahed 6 also found that while martensite volume fraction is higher by 50%, the nonlinear variations of lnσ t with ln ε t for DP steels are found. This is coincident with present research. Dther researches 7 indicate that martensite deforms first elastically, and then deforms partly elastically and partly plastically and last deforms plastically while ferrite deforms plastically all the time. The first stage of work hardening was associated with elastical deformation and partly elastical and partly plastical deformation of martensite, while the second stage was associated with plastic deformation of both ferrite and martensite in present research. Figure 3 shows the relation between the values of n and k and intercritical annealing parameters. For series A steel and series B steel, the values of n and k increased with increasing the intercritical annealing temperature, because of the increase of volume percent of martensite. The work hardening exponent of the first stage (n 1 ) was higher than that of the second stage (n 2 ) at all annealing temperature. For series A steel and series B steel, the values of n and k increased with increasing the intercritical holding time from 10 minutes to 50 minutes at 785 °C. The value of n 1 was higher than that of n 2 at all holding time. The reasons for above behaviors could be due to the difference in the amounts and distributions of ferrite, which affected the work hardening behaviour 8 . Figure 4 shows the work hardening rate (dσ t /dε t ) curves of the samples after different heat treatment process. As can be seen from Figure 4 , high work hardening rate during initial plastic deformation was observed, however, with the increase of ε t , a markedly reduced dσ t /dε t was observed. The processes of work hardening have been characterized by three stages of plastic flow, which was agreed with the findings of Ahmad 9 . The first stage was less than 0.5% strain showing rapid work hardening. In the second stage (0.5-3% strain), dσ t /dε t was reduced. In the third stage (>3% strain), dσ t /dε t was almost constant. In lower strain (<3% strain), dσ t /dε t for series B steel was higher than that for series A steel when annealing at 785 °C for 30 minutes. However, from 800 to 830 °C, dσ t /dε t was almost the same. In higher strain (>3% strain), dσ t /dε t tended to be constant for steels intercritically annealed in the range of 785-830 °C for 10-50 minutes. In lower strain (<3% strain), dσ t /dε t for specimens intercritically annealed at 785 °C for 10 minutes was lower than that at 785 °C for 30-50 minutes for series A steel and series B steel. Figure 5 shows the microstructures of the steel intercritically annealed at 785 °C for different holding time. For series A steel with primary microstructure of ferrite plus pearlite, austenite nucleated at the pearlite colonies. As can be seen from Figure 5 , for a holding time of 10 minutes at 785 °C, undissolved cementite was only slimmer than that in primary microstructure, which meant that a holding time of 10 minutes only made cementite dissolve partly 10 . For a holding time of 30 minutes, the microstructure consisted of a martensite matrix and ferrite, and undissolved carbides were also observed in ferrite, so the values of n and k increased a little (Figure 3c ). As the holding time increased from 30 minutes to 50 minutes, most of carbides in ferrite were dissolved, resulting in the values of n and k increasing obviously (Figure 3c) .
Work hardening rate
Microstructures
For series B steel with primary microstructure of martensite, austenite nucleated at lath interfaces, lath colony boundaries of martensite and prior austenite grain boundaries 11 . As can be seen from Figure 5 , a holding time of 10 minutes only made carbides precipitate from martensite, acting as nucleating sites for austenite further. Above factors accelerated the formation of austenite. Holding time for 30 minutes made primary martensite almost transform into austenite plus ferrite wholely, followed by accelerated cooling to transform the austenite to martensite, besides carbides in ferrite were almost dissolved. So the values for series A steels at the same annealing process, indicating better ductility of series B steels than that of series A steels. For series B steels, ductile dimples in samples annealed at 785 °C for 50 minutes were larger and shallower than those annealed at 785 °C for 10 minutes and 30 minutes, at the same time, some cleavage facets occurred, resulting in decreasing in elongation. Fracture surfaces were covered with a large amount of cleavage facets and a few ductile dimples in series A steels annealed at 785 °C for 30 minutes and 50 minutes, thus they all appeared low elongation. The reasons for these may be due to the difference in the primary microstructures and holding time. The tensile fracture changed from ductile dimples to mix modes with ductile dimples and cleavage facets, indicating the ductility decreasing with the holding time.
of n and k increased obviously, compared to holding time for 10 minutes. As the holding time increased from 30 minutes to 50 minutes, the values of n and k increased a little (In Figure 3d) . As can be seen from Figure 5 , the ferrite in the series B steel was more finely dispersed than that in the series A steel because of different primary microstructures before intercritical annealing. Figure 6 shows the fractography of the steel intercritically annealed at 785 °C for different holding time. The fracture surface was covered with ductile dimples for steels intercritically annealed at 785 °C for 10 minutes in Figure 6a , b, in which some deep, large cusps were also observed owing to martensite or inclusion cracking 12 . Fracture surfaces for series B steels were finer than those of the increase of volume fraction of martensite. The values of n and k increased with increasing the intercritical soaking time. For series A steel, austenite nucleated at the pearlite colonies, and the holding time of only 50 minutes at 785 °C can increase the values of n and k obviously. For series B steel, austenite nucleated at lath interfaces, lath colony boundaries of primary martensite and carbides, accelerating the formation of austenite. So holding time for 30 minutes at 785 °C made the values of n and k increase obviously. The ferrite in the series B steel was more finely dispersed than that in the series A steel.
(3) High work hardening rate during initial plastic deformation (<0.5% strain) was observed, however, with the increase of true strain (ε t ), a markedly reduced work hardening rate (dσ t /dε t ) was observed. In lower strain (<3% strain), the work hardening rate for series B steel was higher than that for series A steel at 785 °C for 30 minutes, and the work hardening rate annealed at 785 °C for 10 minutes was lower than that at 785 °C for 30-50 minutes for series A steel and series B steel.
Conclusions
Series A steel with starting microstructure of ferrite plus pearlite and series B steel with starting microstructure of martensite, intercritically annealed at 785-830 °C for 10-50 minutes, were studied. Two kinds of steels all showed high strength and high work hardening exponent.
(1) Elongation of series A steel and series B steel all decreased with increasing intercritical annealing temperature from 785 °C to 830 °C for 30 minutes and with increasing intercritical soaking time from 10 minutes to 50 minutes at 785 °C. Stress and elongation of the series B steel were higher than those of the series A steel when annealed at 785 °C for 30 minutes and 800 °C for 30 minutes, respectively and intercritically annealed at 785 °C for 10 minutes, 30 minutes and 50 minutes, respectively.
(2) The work hardening of the studied steels obeyed the two-stage work hardening mechanism, whose work hardening exponent of the first stage was higher than that of the second stage. The values of n and k increased with increasing the intercritical annealing temperature, because
